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The present applicationtis a^cpntinuationi^appliGationfeGf Application 

No^^^ filod mi The present applieationdncludes^the * 

Specifieation^of the^parentf application Ayhieh has been-revised.ih 
accordanceAvith the^amendnients^rfiled-in^the parentapplication. Since 
noncjiof thoseiarnendjiients incGipprate new^matter into the.parent 
application, the present^revisedSpecification*also does not include new 
matteW^ 

The present application is 'a-continuationwapplieationt of Application *^ 

No. filed , which in turn is a continuation-in-part of 

Application No. filed . The present application 

includes the Specification of the parent application which has been 
revised in accordance with the amendments filed in the parent 
application. Although the amendments in the parent C-I-P application 
may have incorporated new matter, since those are the only revisions 
included in the present application, the present application includes no 
new matter in relation to the parent application. 



n A copy of earlier application Serial No. Filed to 

which rio new^matter has been added TOGm^MEIfc WlTM^opy^ of the executed oath 
or declaration for such earlier application and all drawings, and appendices. Such 
earlier application is hereby incorporated into the present^application by reference. 
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I I continuation or d divisional of Application Serial No. 
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□ Priority is claimed imder 35 U.S.C. § 1 19 of Patent Application No. filed 
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□ A Certified Copy of each of the above applications for which priority is 
claimed: 

□ is enclosed. 

n has been filed in prior application Serial No. filed . 

IS] An □ Executed ^ Unexecuted □ Copy of Earher Statement Claiming Small Entity 
Status under 37 C.F.R. 1.9 and 1.27 
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A Check is enclosed in the amount of $150.00 . 
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IS 



The Commissioner is hereby requested to grant an extension of time for the 

appropriate length of time, should one be necessary, in connection with this filing or 
any future filing submitted to the U.S. Patent and Trademark Office in the above- 
identified application during the pendency of this application. The Commissioner is 
further authorized to charge any fees related to any such extension of time to deposit 
account 23-3050. This sheet is provided in duplicate. 



The Commissioner is authorized to charge payment of the following fees and to 

refund any overpayment associated with this communication or during the pendency 
of this application to deposit account 23-3050, This sheet is provided in duplicate. 

The foregoing amount due. 

t3 Any additional filing fees required, including fees for the presentation of extra 
claims under 37 C.F.R. 1.16. 
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Any additional patent application processing fees under 37 C.F.R. 1.17 or 
1.20(d). 

The issue fee set in 37 C.F.R. 1.18 at the mailing of the Notice of Allowance. 



SHCMmD Amt^DEFlGIENeMSsi^PEAJ^Ayitfere^^ thisi^applieation^^inchiding 
deficiencies in payment- 0fcfees,^missing parts of thteiapplication or othenvvdse?Mh^W^ 
States Patent^andf^FrademarfeGffiiSgMsrespeetful^l^^^^ promptly*notify^the*.{^ 
undersigned. 



Woodcock Washbiun Kurtz 
Mackiewicz & Norris LLP 
One Liberty Place - 46th Floor 
Philadelphia PA 19103 
Telephone?<^(2 1 5^ smm 00 
Facsimiled (2 1 5) 568-3:439 




Registration No. 35,719 
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1 

Selection process 

The present invention relates to a process for ih selection &om a gene library of a gene 
encoding an enzyme c^^able of catalysing the conversion of a prodrug to its active drug fonn. 
Prodrug activating enzymes conven prodrugs, which arc relatively non-toxic, lo cytotoxic 
5 agents that have been shown to be effective in killing tumour cells (Connors, T-A., (1995) 
Gex^ Therapy 2:702-709), It has been hypothesised that selective delivery of prodrug 
activating exizymes to tumours would allow the local generation of a cytotoxic agent, through 
the systemic administiation of a substrate prodrug. This would allow a greater differe ntial 
between systemic toxicity and anti-tumour activity than can be achieved by systemic delivery 
JO of cytotoxic agents. 

The activating enzyme may be targeted to the tumour cells by coupling it to a tumour-targeting 
moiety such as an antibody of suitable specificity ("antibody-directed enzyme prodrug 
therapy**, = ADEPT). Alternatively, a gene encoding the prodrug activating enzyme may be 
delivered to the tumour cells, either as some kind of DNA complex, or in various kinds of viral 
15 vectors (GDEPT or VDEPT, = gene / virus directed enzyme prodrug therapy). (Huber et a/.. 
199l;Hubertfro/-, 1994; Harris wa/., 1994; Searle ^/ 1996). 

Similar systems may be effective in other instances requiring selective cell killing, such as, for 
example, countering restenosis of blood vessels following balloon angioplasty, selective tissue 
ablation in iransgemc animals and as a fail-safe suicide system to allow killing of (genetically 
20 modified) immune-effector cells present in allogeneic bone-marrow transplants. 

One known prodrug activating enzyme is nitroreductase from £1 co/i, which can activate the 
prodrug CB1954 (5-Ia2iridin-l-yl]-2,4-dinitrobenzaraide) by reduction at either the 2 or the 4 
position. Further, non-enzymatic reaction of this product leads to the generation of a potent bi- 
functional alkylating agent which can produce interstrand crosslinks in DNA, atkd v^ch is 

25 therefore highly cytotoxic. Experiments using this approach have demonstrated that retroviral 
iratvsfer of a nitroreductase es^uession cassette can sensitise a number of colorectal, pancreatic 
and ovarian tumour cell lines lo the prodrug CB1954 (McNeish et al^ 1998; Green ei a/-, 
1996). Significantly increased survival and apparent cures have also been observed followiiag 
treatment of mice harbouring nitroreductase-exprcssing tumours with CB1954 (McNeish e/ a/., 

30 1998). 



However, the efficieucy of this method of selective tumour ceU kUling appears presentiy to be 
sub-optimal, partly due to ihe dimciUty of acjiieving sufficiently high levels of gene transfer to 
a sufficient ntimber of tumour cells in v/vp. The uliimaie xherapemic potential of the system in 
treating cancer patients will depend upon a number of faciois, including the efficiency with 
5 which the gene encoding the prodrug activating enzyme can be delivered to and expressed 
within^the Tumour cells^tp pmduce.the en2^ selecniJiry ojT ihese processes for tumour 

cells^^versus the cells of normal, vital tissues or organs within the patient- Clinical cfBcacy will 
alsoddcpcnd upon a^number^of factors such as the intrinsic susceptibility of the tumour^cells to 
the activated prodrug, and^tbe.capacity of host defence mechanisms such as the inunune system 
10 to wo^c^-operat^j^^th^^^ge^^ killing^ju^"*^ *^ 

direcxly lulled by the activated prodrug. 

A number of other parameters also appear to be important. For example, dxe concentration of 
prodrug to which the cells are exposed is a major factor determining the rale at which the 
activated drug form can be generated to produce its toxic efifeci. Furthermore, the greater the 

1 5 duration of exposure of the ceU population to the prodrug, the greater the amount of activated 
drug form which can be generwd. In the body, the substraies for the enzymatic reaction arc 
likely to be present in nontlimiiing am^ this wiU of course depend upon the 

dose ^^ch^has^^t^ and the pharmacokinetics of its disnribuiion wiihin the 

body) iSO the rate at which t»«^^a»:tiyated drug.spe<^es^^ be generaied^-at any given local 

20 concentration^pf prodrug^^ll depend u thc^amouni^of catalyticaUy-active eaaQ^me thai is 
available-in the^Il^*^Perhaps most^imponaii^ the efficiency of the enzyme; at a given 
concentration of subsirate»andien2yme, the reaction wdU^sproceed faster if the Km Js lower for 
subsnate^-pr if die fcc«*is greaterror both- 

Naturally, one would ancmpt to optimise the exposure (concennration x duration) of the tumour 
25 to xh^ prodrug by selecting the most suitable route and schedule of delivery; however it is 
likely that the maxiiijum achievable exposure would be- limited by feciors»such as toxicity to 
the patient or solirbility of the j^rodrug. However, there are in principle two routes to ^^improve" 
the enzyme. One involves site-directed mutagenesis. An alternative route requires no prior 
Icnowledgc of the strucnire of the enzyme, but relies on the production of a large number of 
30 random mutants, and the use of one or more screening procedures to identiftr ihe rare, 
improved variants against the large background of indiffcrem or denimental mutants. 



Such strategies of random mutagenesis and selection have been shown to yield improved 
«3i2yme variants. For exarapl , Black et at. introduced random sequence into a region of the 
thymidine kinase gene from herpes simplex vme, and screened more than one roiUion 
independent clones by positiv selection on plates containing S-fluorodcoxyuiidine. to identify 

S 426 which retained a threshold level of thymidine kinase activity. These were then screened 
individually to identify a subset that dcroonstiated improved characteristics with the prodrugs 
acyclovir and/or ganciclovir CBlack et aL, 1996). Another group applied the PCR-shufiling 
technique with alternating rounds of selection and PCR shtrfHing has resulted in a 32.000-fold 
enhancement of the activity of TEM-1 ^lactamase against the antibiotic cefotaxime tSiemmer. 

10 1994): selection was accomplished by plating bacteria containing the plasmid Ubrary on agar 
containing the antibiotic. 

However, although such precedents provide encouragemem that it is possible to make 
improved enzymes via such mutagenesis strategies, no efficient selection strategies have yet 
been described which could be generally appUed to the improvement of any prodrug activating 
3 15 enzyme. Consequently, there remains a need for a system that allows the selection of variant 
prodrug activaring enzymes that exhibit improved catalytic activity. 

g Summary of the invention 

p According to the presem invention there b provided a method of selection of a nucleic acid 

encoding an enzyme that is capable of converting a prodrug to its active drug form comprising 
^ 20 the steps of: contacting a population of bacteria transformed v«th a bacteriophage Ubrary with a 
'f. prodrug in a medium, wherein; 

3 i) the ttansfortncd bacteria are in the lysogenic state, and 

3 ii) when convened to its active drug form, the prodrug causes activation of fte proteolytic 

activity of bacterial RecA and lysis of the bacteria; 
25 separating bacteriophage particles released by lysis of the bacteria from said medium, and 
analysing The genotype of said separated bacteriophage for a nucleic acid encoding the enzyme. 

By prodrug iS meanJ any drug molecule that is itself relatively inen pharmaceuticaUy but vrtiicb 
has a pharmacological effect once activated in an organism by biological, biochemical, 
chemical or physical means. The enzyme encoded by the selected nucleic acid should be a 
30 prodrug activating enzyme that acts catalytically to convert prodrug to its active drug foiro. 
Alternatively, there may be more than one reaction step between the prodrug and the fmal 



chemical species which is dixecily toxic; for example, the toxic 5-[a2iridiii-l-yl]-4- 
hydroxylanuno-2-nitrobeTi2iainidc which can be produced by tuuoreductase from CB1954 is 
believed to undergo fimher. pon-enzyroatic reaciion to generate 4-(N-acctoxy)-5-Jaziridin-l- 
yi]-2-mirobcnzamide, v^^ch is believed to be the chemical species which reacts with DNA to 
produce the toxic crosslinks (Knox, R. J., F. Friedlos, T. Marchbank, and J, J. Roberts. ( 1991), 
Biochem.^^^harmacol^42 : 1 691-1697;. The loxie product^ cannot be generated^^in any*signi0cani 
quantity , wiihoutiifae presence of the activating enzyine. 

The methodi of the invention requires the use of a tempeimc bacteriophageiand*is based^on^ihe 
ability of such bacteijo^bage^tp propagate in bacteria in either of*t^OHinOde%|g|h^& 
(the lytic phase) involves rapid, episoma) replication of the bacteriophage leading to assembly 
of progeny virus particles and lysis of the infected bacteria cell. The other mode (the lysogenic 
phase) does not kill the host bacterium; instead, the bacteriophage genome becomes covalently 
integrated into the DNA of the bacterial chromosome, where it is replicated along with the host 
DNa. and is iransmined to the daughter cells. Once established, the lysogenic state is 
maintained by the cl repressor proiein of the bacteriophage, which binds to sequences within 
the bacteriophage genome to promote its own synthesis, and repress transcripiian of the 
remainder of the bacteriophage genome. In this state^ the bacteriimi is protected irom limber 
infection^fby otberii^simiiarfbacteriopte the cell 

also prevents the expi-ession of genes required for lytic growth from incoming-bacteriophagc 
genomes^ In this state, the bacterium is called^a ^lysogen«ftand*ithe%integrated^copy of the 
bacieriophagetis called.a prophage;t£^blishmentiof this^state^is called lysogeny.(Hendrix, R. 
W., J. W. Roberts, F- W. Stahlrand^R. A. Wcisberg C1983)^ambda 11).^ 

Certain 'treatments of lysogenic bacteria can lead^^tp activanon- of a^ proteolytic activity of the 
bactcrial-^RecA protein.^'^Thisa^in turn can lead ^^to cleavage^£mdipheace>^inactivatipn of the 
bacteriophage ^'I repressor-^ proteins-- thus >triggering^ lytic *gro>wth'*^ of the ^prophage., . The 
inactivation of cl repressor allows expression of the bacteriophage genes required for lytic 
growth, including functions which excise the prophage genome from the bacterial 
chromosome, leading to its episomal replication, and the assembly of many copies of the 
bacteriophage into mature bacteriophage particles, which are then released upon lysis of the 
host cell. (Roberts, J. W., and R. Devoret. U983) Lysogenic induction, in R- W. Hend[rix, J. 
W. Rcbitrts, F, W. Stahl and R. A. Weisberg (ed.). Lambda 11; Cold Spring Harbor Laboratory 
Press). 



In the tempexaie bacteriophage Lambda, prophage induction can be induced in this manner by 
agents that damage DNA (for example, lUiravioIet light, ionising radiation, activated chemical 
carcinogens, certain anti-tumour drugs), as well as agents which disrupt DNA replication, 
including 5-fluoro uracil, and nucleoside- or nucleotide-analogues. The mechanism is thought 
to be that any of these agents lead to the generation of single-stranded DNA in the cell, which 
is required, along with ATP or dATP and magnesium ions, to activate a specific protease 
activity of bacterial RecA. This normally leads, via cleavage of the LexA protein (a repressor 
of transcription^ to the activation of a number of genes in the bacterium associated with DNA 
repair fimcdons, allowing better survival of the DNA damage; this is called the SOS respotise. 

The principle of the invention is that a library of DNA molecules encoding a nimiber of 
variants of prodrug activating enzymes is insencd into the genome of a bacteriophage. The 
bacteriophage vectors are then introduced into host bacteria, and lysogens are selected. In 
general, each bacterium contains only one bacteriophage vector type and the inserted gene is 
expressed within the lysogenic bacteria- Upon exposure of the population of lysogemc bacteria 
to prodrug, the toxic derivative of the prodrug will only be produced within bacterial cells 
containing a prodrug activating enzyme, and then at a rate which depends upon the catalytic 
activity of the prodrx^ activating enzyme that is present within that cell. The presence of the 
loxic product within the cell leads to the activation of the protease activity of the bacterial 
RecA protein, leading to cleavage of the cl repressor protein of the bacteriophage, and thus 
triggering lytic growth. The prophage in that particular cell is thus excised and replicated, 
leading to lysis of the host cell and the release of around 100 progeny bacteriophage particles 
into the medium, from >Aluch they can be readily recovered. 

At any given concentration of prodrug, the toxic product will be produced faster in bacteria 
containing a bacteriophage vector encoding a more efficient enzyme. L5aic growth of 
bacteriophage will therefore be triggered relatively early in those instances when the 
bacteriophage encodes a highly active prodrug activating enzyme. Lytic growth will be 
triggered relatively late (or not at all above the background level), if the encoded enzyme 
variant has litde or no activity against the prodrug. Thus, at limiting exposure lo prodrug (low 
concenuation and/or short duration of exposure), the copies of the vector recovered are 
enriched in those encoding the most efficient variants of the prodrug activating enzyme. 

Any temperate bacteriophage may be used in the invention, as will be clear to those of skill in 
the art. The bacteriophage lambda (X) is the bacteriophage of choice. All genes and functions 
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of ihe Tcroperaie bacieriophage xhai are required for the initial infection, and establishmcni and 
maimenance of lysogeny of bacteria should be retained. Furthermore, all genes and functions 
required for the induction and completion of the lytic cycle upon activation of RecA protease 
activity should be present in the bacterioph^e. 

5 As will be clear to the skilled artisan, other features of the bacteriophage are desirable. For 
example, the bactenophage^^genotne should contain a. restrictioa site ai which|a^IDNA.fragm«mt 
(encodingfa;^prodrug' activanngK^^uyme)«can be insened and exprcsscd^iri the lyspgenic-siate.vg 
The^presence of suitably positioiied regulatoiy^ DlVAv^sequemres^ito ^ilit8^jktberexpi;ession of 
the inserted^DNA in the bacicrxal«lysGgen-is also>advamageous^since4t removesitheAneedv^foi^: 
]0 the inse rted . PNA ,. TP cooteig ^its own regulaxorv^equ^^ fPLi^P^SS^SLM ^ 

encoded proteins- The insanibn sive coxdd be designed so as to increase the efficiency of 
ioserdon of suitable DNa fragments, for example, by the use of suitable, asymmetrical sites to 
favour the insertion of the exogenous DNA in a preferred orientation, and to reduce the 
background level of non-pioductive ligation products. This would facilitate the generation of a 
15 library having a high level of diversity. The inclusion of a selectable marker such as an 
O antibiotic-rcsistaoce gene xviihin the bacteriophage vector would facilitate the separation of 

r" lysogens from bacteria not infected with the bacteriophage vector. The bacteriophage could 

h\ also be designed to express its encoded protein only in the lysogenic state. As will be clear to 

■^^ the skiiled artisan^^tbis^migh^be l>y fusing, a regulated promoter aUOwiiig^selceiiveicxjwession, 

3 20 for exaraple;^using tlte iac promoter and the indiicer the media^^tf- 

Q MctlKkJsTifor^the^introductiontQf^geneSAQr gen^ 

^ construction of bactcriopbage^UbrOTes are.known*int1iie^a^ 

it] 1 989i Cold Spring #arbor Laboratory Press Of coursej it is not tjecessary-^fbr^the emirifir^ene^^iOT 

^;;{ the-prodrug activatinjg^cnzyme^io be clcmed^tnto^the bacteriophage DNA — fragments-may also be 

' " 25 used; HoWweri*if a^&agmem^is usedrthis»^^s^ 
activity in activating prbdrug^tpiits aciive'dn 

The bacteriophage library should contain a library of genes. A library of genes may be used that 
is derived from a single oi^anism, to select for a gene or genes Avhich exhibit the desired catalytic 
activity, for exatr^ile as a form of expression cloning to identify novel active proteins in a 
30 particuLar organism. However, in most instances the gene encoding the wild type enzyme of 
interest will already be available in the art - nticleic acid coding sequences for use in the 
invention are widely reported in the scienti^c literature and are also available in public 



databases. FunhCT, ihe DNA may be commercially available, may be pan of kno\vii cDNA 
libraries or may be generated using standard moleciUar biology and/or chemisiry procedures as 
will be clear to those of skill in the art. In such instances, the invention will be most useful to 
allow the selection of genes encoding improved variants of the wild type protein that exhibit 
improved catalytic activity. Accordingly, a gene library will preferably comprise a selection of 
mutated variants of the wild type gene. 

Many different approaches to random mutagenesis may be used to generate the library, for 
example, chemical modification can be used to alter bases in the gene sequence, leading to 
changes in the DNA sequence upon replication or repair. Examples of chemical modification 
include treatment of a single stranded form of the gene with bisulphite, which converts some of 
the cytosine residues to laracil residues. When the opposite strand of PNA is then made by a 
DNA polymerase, an adenine residue is inserted opposite the uracil nucleotide. In this way, a 
C-G base-pair is convened to a U-A base-pair, and, subsequently, to T-A (sec Watsoii, J. £)., 
M. Oilman, J. Witkowski. and M. Zoller. (1992) Recombinant DNA. 2^ Edition; Scientific 
American Books; W. H, Freeman & Co. New York, aiid references therein). DNA polyinerases 
with relatively high error rates can be used for replication of the gene e.g. the avian 
myeloblastosis reverse transcriptase can be used in this way (Singh, M., S. Heaphy, and M. J. 
Gaix. ( 1986). Proi, Eng. 1:75-76; see also Abarzua, P and Marians, K J 1984; Proc. Natl Acatl 
Sci. USA 81, 2030-2034), as can the Thermus aquaricus (Taq) DNa polymerase, which may 
be used repeatedly as in the polymerase chain reaction (Leung, D W, Chen, E and Ooeddel, D 
V (1989); Technique 1; 1 1-15). Another mutagenesis strategy has been described by Stemmer 
(Stemmer, 1994); in this method, the gene is randomly ^agmcntcd and then reassembled by a 
process similar to the polymerase chain reaction, with an associated introducmon of mutations. 
An advantage of this particular strategy lies in the combination of alternating roimds of 
selection, and the mutagenic "PCR-shufHing" procedure, which can recombine faeneEcial 
mutations &ora different gene variants into a single gene, ^id facilitate the separation of 
deleterious changes from those that are bene^cial. 

An approach intermediate between that of site-directed mutagenesis and completely random 
mutagenesis throughout the gene might be appropriate where some infoimanon has indicated 
that particular regions of the enzyme are likely to be critically involved in the reaction of 
interest, but it has not yet proven feasible to predict precisely how the enzyme may be 
improved- In such a situation, it may be appropriate to produce a library of mutants in which 
the changes arc localised to that critical region of the protein. This could be achieved using 
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recombinant ONA techniques to replace the relevant region of the gene with a diversity of 
nucleic acid molecules that are completely random in sequence (with or vs^thout variation in 
length) to make a library of gene sequences. Clearly, the majority of mutations generat d by 
randomised approaches arc unlikely to result in improvement of the enzyme, and many 
changes are likely to be detrimental. However, the method of the invention allows the selection 
of beneficialryarianiswom of a> large*<tnegai|ye. backgrou^ the^propomon of 

detnmentaJiematatipntevcnts is largely-irreley anv.^??^ 

A funher*aspect of the invention may. involve PCR^shufflihgaarid^selectiom^^ a 
family of related genes, rather than using a single gene- For^^exampleMii ^xbe case o^ 
nitroredactase. genes fifom various different bacteria (e.g. species of Salmoneila, Enterrobacter^ 
Helicobacter or Vibrio) might be used in the selection process. This procedure would facilitate 
san^ling of a larger voltmie of •*sequence-space" giving, greater diversity in the library, and 
hence more efficient generation of improved derivatives (Cramcri er al^ 1998). 

It is envisaged that there could be synergy berween the ''random" approach, and the structure- 
guided, site-directed mutagenesis approach. Snnctural analysis of improved variants would 
help evaluate bow the enzyme woiics, and structure-guided, site-directed mutants could be 

optimise^d'^by' Tandoin*shi^ 

Thc-ibacieripphage^lJibiary*. >^ atypical with 

laml^^ajibra^^esitalth^^ of 
the.geM li^Ta^#inio^bacterioplw J^iay 
be stored*^f6r^subs«kittent use^Csee*Saitobrp"d^ ;^l989)ljt^ 

Choice of hbsii^bacteria is alsc^^of imporiarice. *-The host^^bacieriimi miist si^poi^vihc^lytic and 
lysogeriic^growth^of bacteriophage-ycctor-and-in abiHty^pf'the^wild-type RecA 

protein to activate lysogens into lytic growth upon exposure to agents which damage DNA or 
otherwise disrupt DMA synthesis in the bacterium. Many bacterial strains are suitable for the 
method of the invention, although E coU is preferred. The production of lysogens will be 
facilitated if the bacterium has a mutation such as hJlA' (high frequency of lysogeny), which 
favours the establishment of lysogeny. Without this host mutation, most bacteriophage would 
first grow lyrically, and lysogenised bacteria would only emerge against a backgrotmd of lysis. 
The presence of an annljiotic-resistance gene in the bacteriophage is thus useful lo assist the 
selection of lysogenised bacteria, as those bacteria which were not infected and thus caimot 



become lysogeoujed will be inhibited or killed by the antibiotic. Oxher fonns of selection aie 
also possible^or example, based on complementation of metaboUc/nuiritioiiai deficiencies of 
an appropriate host saain. 

in general, ^t^h lysogenised bacterium will contain only a single bacteriophage genome, since 
The initial infection will be pcxfoxmed with an excess of bacteria relative to infectious 
bacteriophage panicles; and once lysogeny is established, the cl repiessoi in the cell prevents 
expression of lytic cycle genes and of the genes required for integration, fiom the genomes of 
infecting bacteriophages. 

A further advantageous feature of the bacterial host strain, to facilitate the selection procedure, 
is the bacteria should be negative for the prodrug activaiing enxytne. For cxaxv^U* many 
strains of E. coH contain an endogenous, functional nitroreductase gene. A suitable deletam 
strain may be publicly or commercially available. If not, the generation of a strain in which the 
enzyme is deleted will be within the nonnal skills of those practised in the art. Preferably, the 
strain used should lack a functional nitroreductase. 

The bacterial strain £, coli QtQOHfl (Promega cat. No. D3131) contains a functional 
nitroreductase gene. This gene could be mutated, and deletants selected for. Other methods of 
mutation will be clear to the skilled ardsan, for example, by first introducing a mutadon into a 
cloned copy of the nitroreductase gene, such as by: insertion of the omcga-(S^>-iraerposon 
described by Frentki, P and Krisch, H.M., [1984], Gene 29;303.313 or in vitro insertional 
mutagenesis with a selectable DNA fragment in which a sireptoroycin/spectinomycin- 
resisiance gene is flanked by ttanslational and transcriptional termination signals. The mutated 
gene could then be introduced into the bacteria (without any attached replication origin), and 
the bacteria selected with streptomycin or spectinomycin; thus one would select for bacteria in 
which the mutated gene had recombined iitto the host genome, and these could then be checked 
to confirm the inacrivatioo of the endogenous nitroreductase gene. 

In the method of ikic invention, the bacteriophage library must be introduced into host bacteria 
and the lysogenic state established. Under growth coiuiitions the bacteria multiply, replicating 
their own DNA and that of the bacteriophage, so that copies of the lysogenic bacteriophage are 
traxismitted to daughter cells. 

Under conditions of environmental suess, and in particular in response to DNA damage, the 
SOS pathway is activated in the bacterium, activaiing machinery required for repair of the 
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DNA damage. The inducmg signal is also a signal for reactivation of lysogenic bacieiiophage. 
Specifically, the RecA protease of the bacteriwn cleaves the cl repressor of the bacteriophage^ 
allowing lyric cycle genes to be expressed. The bacteriophage genome is excised &om the 
bacteria] genome, replicated, and assembled into progeny bacteriophage particles, which are 
released by lysis of the host cell. Drugs ihai act on DNA, causing single-stranded lesions, 
crossliiiking>^T brcakage^f the DNA strands, or drugs which aci in other yyrays to inhibit the 
prpcess*of DNi^^replicationi can alLlead to the generation of an excesSAOf singlc^stranded^DNA 
in die cell and hence^acu>ate«this pathway Accordingly, those ceUsMCon 
activating enzyme williiconyert^more:^prodrug»lo iis^aciive drugjfqrm«and*vynlh^^^^ 
earlier ihanjcells comaiijinfita^lcss^|]^^^ 

There will be a background of spontaneous bacteriophage release, which will contaminate the 
^'selected" bacteriophage population. As will be clear to the skilled artisan, the relative 
numbers of background and selected bacterioph^e can be managed by appropriate choice of 
prodrug concennmion and duration of exposure (which will dctemune the fraction of the 
culture in which lysis is induced). 

Preferably, the bacteriophage selected can be used inunediately to generate more lysogens for 
further iterative rounds of selection; each round of selection will reduce the fraction of 
irrele^yantt^^bacieriophag^ in the "backgroimd". Th^selected^ivto then-^ be 

isolatedifpr.ptample, by api«rppriate^resm by PCR^axid used for 

further roum^ of 'shii^Qin^^ allow recombinadoniiof beneliciaj^mutaoions^gom 
bacteriophag6s)^aml¥mutagencsi$, then^i«insened>J^k^iiuoj|^ vecto^^^andr the 

selection«?process«»repeaxed!»^In this fashion, ^progr^sive *iTOprpyenient*^pf ^the^selectc<^ 
populatipps rcsultsl PrefcrablVi -at least two, moreipreferablysthree.or-inpre*round^^ shuffling 
followed^by^sfelection are*used?*# 

After each found" of diertselec analysed^ directly^tfor 

example, by fim plaqucing the phage lo isolate single clones, then sequencing; by prodrug 
activation-mediated cytotoxicity in bacteria, or by enzymological analysis after expression in 
bacteria). The most promising of the variants can be used directly for andbody-directed 
enzyme prodrug therapy (ADEPT) ox (after optional modification of codon usage) for 
gene/virus directed enzyme prodrug therapy (G/VDEPT) applications. It is also possible to 
^"backcross^ the optimised constructs with the original nitroreductase gene during a round of 
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shuffling and seleciion, to identify which amino acid substiiutions are tmjy beneficial and 
which arc "passenger mutations" of little consequence for the functionality of the en2yme. 

The method of the invention is suitable for any combination of activating enzyme and prodrug, 
provided that prodrug activation results in activation of the proteolytic activity of the bacterial 
RecA protein. Nitroreductase is one example of such an enzyme and CB1954 is an exanc^ie of 
a suitable prodrug substrate. CB1954 is a relatively poor substrate for wild type tutroreduciase: 
the tiunover rate kc* is just 360 min*' and the Michaclis constant Km is high at 860 yM (9). 
This enzyme is thus an ideal choice for the selection method of the present inventiozi. Other 
enzymes which might be suitable for optimisation for their prodrugs include thyncudine kinase, 
cytosine deaminase or purine nucleoside phosphoiylasc. The mammalian DT-diaptorase 
enzymes, which can also activate CB1954 though less efiQciently than nitroreductase, could 
also be optimised for this purpose. Other examples will be clear to those of skill in the ait. 

Thc choice of prodrug will depend on the system being studied, and will clearly be a substrate 
for the prodrug activating enzyme of interest. In the case of thymidine kinase, the prodrugs 
acyclovir and/or ganciclovir will be suitable. For cytosine deaminase. 5-fluorocyiosine is 
converted to the active fotm S-fluorouracil. For purine nucleoside phosphorylase, the product 
of the £. coU DeoD gene, 6'methyl-9'(2-deoxy-p-D-ttythro-peniofuranosyO purine {6-MPDR. 
a deoxyadenosine analogue) is an example of a suitable prodrug. Prodrug substrates other than 
CB1954 have been described for nitroreductase (Anlezark et al^ 1995; Friedlos ei al, 1997). 
Some of these prodrugs have certain advantages over CB1954, for example, SN 23862 (the 
bischloroethyl analogue of CB1954) is not activated by manunalian DT diapborases, and so 
may have lower toxicity, 2-jN,N-bis(2-iodocthyl>amino]-3,5-dinitrobenzamide, which has 
shown promising properties in vitro, could be applied to the method of the present invention- 
Similarly, other enzymes could be tested with the same prodrugs, for example, rat DT 
diaphorase has the advantage of selectively reducing CB1954 at the 4 position, although the 
kcoi is rather lower than for nitroreductase. Nitroreductases from bacteria other Xlasax E. coli 
provide alternative starting points. Thus, one could in principle stan with several different 
nitroreductase genes from different families to facilitate sampling of a larger voliune of 
''sequence-space"(Crameri er a/., 1998). 

The concentration of prodrug to be used in the method of the invention is selected so as to 
&cilitate the selection process and will thus depend on factors such as the relative proportion of 
the library which is thought to harbour active enzyme, the size of the library and the 
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approximate activity of the optimal enzyme. For example, ax low concentratlozxs of prodrug, 
nly lysogens contaimng the xnosi efScient enzymes should within a reasonable time convert 
adequate prodrug To generate USA dzimsgc sufficient to activate RecA protease activity and 
hence induce lytic growth of the bacteriophage in that bacteiiuni. Thus, at limiting 
5 coiKcniratiQn of prodrug, only the bacteriophage containing the ''best" prodrug activating 
enzyme genes are activated into The lytic pathway. This concentration of prodrug thus allows 
recovery of variant genes that made their bacterial hosts.most susceptible to prodrug-. 

In the ease of niuoreductase andaGB 19S4;* a suitable concenttation of prodrug^is aroundlO- 
lOOiiiM. For acycloviri^ gancyeloviTi^S-fliiorpcytosineAetc^ a suitable conccntrationns around' 0.1 
10 - 1 i^g/ml. 

Suitable media in which to carry out the method of the present invention will be clear to those 
of skill in the an. For example, for E- colU Luiria-Benani (LB) broth is suitable. In addition to 
prodrug, the media may contain other necessary additives, for example, antibiotic or an 
inducer, for example, IPTG. 

O 15 Bacteriophage particles released by lysis of host bacteria may easily be separated from non- 
II lysed bacteria- For example, treatment of snedia samples with chloroform (-1-10%) is 

^2 sufficient to kill any bacteria. The lysaie can then be ccntrifugcd briefly atid the supemaiam 

will contain released bacteriophage, thai-can be used to propagate in bacteria and to select 
further for bacieriophagej^ontaining genes of interest. 

20 Accordingito a further^ aspect of the ?inveniion thcre.is provided a catalytic enzyme ox fragment 
thereof; isolated accordingno a method described above. Preferably, the catalyxic^enzyme will 
comprise i an improved variant of wild type*^ nitroreductase^ thymidine kinase, cytosine 
deaminase^or purine nucleotide phosphorylase. The amino acid sequence of the protein or 
protein feaginent wiU differ^firom the^ w^ protein or protein fiagment, by 

25 eunino acid inseitiaii;* deleiibri or substiri^pri. 

According to a still further aspect of the invention there is provided a nucleic acid molecule 
encoding a catalytic enzyme selected according to the method of the invention. Such a nucleic 
acid molecule may be obtained by sequence analysis of the genome of bacteriophage selected 
for containing an enzyme variant of improved catalytic activity in the particular system smdied- 
30 It is envisaged that ir^ormation obtained by such sequencing will be useful to allow analysis of 
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ihe structure of the protein of interesi and will allow ihc further improvement of the protein 
activity by rational or random mutagenic strategies. 

The invention will now be described by way of example, with particular emphasis on the 
enzyme nitroreductase and prodrug CB1954. It will be appreciated that modification of detail 
may be made without departing from the scope of the invention- 
All documents mentioned in the text are incorporated herein by reference. 
BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 is a graph showing the induction of phage release from 5:1 mixture of lysogens JG3J1 
(control) and JG16Cl(ntr) by O.SmM CB1954. 

Figure 2 shows the type of phage released from lysogen mixture, as deteimined by PCR. 
Figtire 3 shows the amount of nitroreductase v^hen full> induced in XJG3 Jl lysogens. 
EXAMPLES 

1. Constructioii of a suirable vector 

Information relating to recombinant DNA technology techniques can be found in (Sambrook cr 
1989). In addition, information of the biology of the bacterioj^iage lambda can be found in 
(riendrixe/fl/., 1983). 

Preparan'on of a promoter cassette. 

A DNA fragment containing the lac promoter was obtained from plasmid pDR540 
(Pharmacia), by PCR amplification using primers 5'- aCCTGaCGTCTaaGaaaC -3' and 
5'- GCTCTAGATTGTTATCCGCTCAC -3\ The amplified DNA firagment was cleaved with 
restriction endonucleases ScoRJ and Mal^ and the major fragment (369 bp) was cloned 
between the £coRl and Xbal sites of the widely used vector plasmid, pUCl9, to generate 
plasmid pPS1133C2. The sequence of the insert was verified by DNA sequencing (Sanger & 
Coulson, 1977). 

The tac promoter is a composite promoter, made from parts of the tip promoter and the lac 
promoter; it allows a high level of expression, which can be repressed by the lac repressor, 
thus, a high level of expression can be induced in the presence of inducers such as IPTG. 
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Insertion of paired Sm sites, to fa c ilitate directional cloning of suiiable in*;^ .^ 

The two oligonucleotides PSU33A (5'^ CTaGGGCCTGCGAGGCCTTAATTAA- 
GGCCTCCCGGGCCT -3) and PS1133B (5'- CTAGAGGCCCGGGAGGCCTTaa- 
TTAAGGCCTCGCAGGCC -3') were annealed toeeiher to generate a shon piece of DNA 
containing two Sfil sites separated by a Pad site, and with 4 nucleotide 5* extensions on either 
end corapatible*with*Ugatipn™toa*oI-sitcs..H^ 
Xbal siiei^i 

PS 1 1 3 3 A5 • CTAGQQCC TGCG AGGCCTTAATTA AGGCC TCCC GGGCC T 3 ' 

PS1X3 3B 3» CCGGACGOTCCGGAATTAATTCCGGAGGGCCCGGAGATC 5" 

This was ligated into the Xbal site of plasmid pPSll33C2. A derived plasmid clone named 
pPSl 133L 10 was identified, in which a single copy of the 39bp insen was present within the 
plasmid, in the orientation which regenerated the Xbal site downstream of the insert (i.e. the tac 
promoter, and ihcXhai site are on opposite sides of the inserted 39 bp sequence). 

ProducTion-of a pIasmid^with.pairK4 S^^six^ *!*m 

The plasroid*^pET44c (Novagen) was -cleaved^ with- -JS^^oI, and the following annealed 
oligonucleotides were^^clonedinto that site5*.> 

PS3.a34A 5 CTAG AGGGCTGg?GA GG^ 3 
PSZa.34B^^ TCCGGAGGeTGGGGAT©S*5 ^ 

The resultam plasmid pPSU34D4 was identified with the single insen in the intended 
orientation, which regenerated the J^^il site on the upstream side of the insen (i.e. neat«r to the 
promoter}. 

Plasmid pPSl I34D4 was cleaved with Bamm, and the following annealed oligonucleotides 
were cloned into that site: 
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PSil34C 5' GATCC GGCCT CCCG GGCC 3' 
PSX134D 3' GCCGGAGGGCCCGGCTAG 5' 

The resultant plasmid pPSll34S5 has a single copy of the insen in the orientation which 
regenerates the BwnHl site i^tream (xowards the promoter). 

5 Thus, the coding region of genes can be inserted between an Ndel (at the inination codon) and 
a BamHl site in this vector. The vector then provides a ^Shine-Oalgamo" sequence an 
appropriate distance upstream of the start codon, to facilitate biixding of ribosoxnes to the RN A 
transcribed from the gene, and hence efficient tianslanon to produce the encoded protein. This 
is flanked on eidier side by the paired Sjn sites, allowing intervening &agmem lo be cloned 
1 0 directionally into the bacteriophage vector to be described. The T7 promoter present upstream 
of this cassene in pPSI 134S5 also allows efficient expression of the protein t^m this plasmid, 
in a suitable host strain such as £. coli BL21[AX>E3l. 

Insertion of The E. coH nitroreductase gene into pPSl 134SS 

DNa seqijence derived from the nitroreductase gene infhB) of E. coli strain DHSa was 
15 amplified by the polymerase chain reaction from genomic DNA purified from that strain, using 
primers 

PS1138A 5'- GGGaATTCCATaTGGATATCATTTCTGTCGCCTTAAAGC -3' and 
PS1138B 5 - CGCGGATCCTGAGaGGAAATAGCCGGGCAGaTGC -3'. 

The an^iified DNA was digested widi the en2ymes BamlU. and M^el, and the main fragment 
20 C-700 bp) was cloned between the Nde\ and Bam\U sites of pPSl 134S5, to produce pJGl6Cl; 
the sequence of the insened fragment containing the niuoreductase coding sequence was 
verified by DNA sequencing. 

Insenion of the tac promoter cassene into lambd s^ ^Tvtmt ] 51 

The lambda vector XNMl 151 (Murray. 1983) appeared to meet most of the essential criteria, 
25 although the inmnmity region of this bacteriophage is derived from bacteriophage 21, and is 
reported as iram^^rf", i.e. a temperature-sensinve mutant of the repressor The bacteriophage 
21 is closely related to lambda, however it was not clear whether the induction from lysogeny 
mediated by the imm^Vlts would be as efficient as thai with the canonical, imm^^cl"^. 'Hiis 
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»IM1151 vector bad unique resnictioa enzyme sites for EcoHl^ HimHil and Barn^, It was 
therefore decided to produce the vector based on this bacteriophage, however ii would be 
possible, if the imm^Vl" proved less than ideal, to cany out a genetic cross with wild-type X to 
swap the imro^'cl** for itnmM*. 

5 A sample'^^'of -^Ml^iS 1 bacteriophage^ ^was^ provided >by Prof^y^N.* -Murxayi ^CUniversity of 
Hdinburgh}.^«^The tac^promoier casseitej^includingy^^ pair«wof ^.S^^lsitesi^^was^obtc^ 
i/mdlll^ginem from pPSl l33L10. and cloned*into ^ /fiwilll site ofW to getierate 

XPS114IA5. 

Insertion of a kanamvcin-rcsisiance casset^ into XPSl 14>1A5S. 

10 A Nhel—Bami^l fiagmcot encoding the aminoglycoside 3^*phosi^otransferase gene 
Ocanamycin resistance} was isolated from pACYCl77 (J^gw England Biolabs). The ends were 
made blunt by treatment with Pfu DNa polymerase (Stratagene), and the fr^mem was cloned 
into pHP4SQ which had been digested with Smol, allowing the kanamycin resistance gene to 
replace the '^intcrposon" in &at vector CPreniki, P., and H. M, Kxisch, 1984) . This step allowed 

15 the kapamycin resistance gene to.,be subsequently isolated as an £coRI fragment, vi^ch was 
inserted into me smglj^^-oRJ si^^ generate yCjS^^^^^ 

Insertion of the .g. c/?7/ nitrorecjiiciase. Rene ipto.the.esqjression site ^^^^ 

The mtroreductasc*genc npf £ by 
digestion with 5)^, and insertedibciween thciiwo<J?/Tl sites of XJG3J The asymmetry of the 
20 sites cnsured^tbat the aitn>reductase>gene could only be inserted in the orientation required 

to allow nts .expression "^frcm the tac promoters The resultitig ^^bactenophage^^^^^^ called 
AJG16Ca, 

2* Recovery of catalytic bacteriophage 

25 To test whether the vector XJG16CI (encoding a functional, wild-type nitroreductase) covdd be 
preferentially recovered from a mixture with XJG3JI (lacking a nitroreductase insert), by 
treatment of die mixed population of lysogens with CB1954. 

Method: 
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E coli CeOOHfl ( btained from Promega Cat No: D313I) were infected with XJG3J1 or 
XJC16CI for ISmin at 37**C and spread onto kanamycin C^Ojig/ml) selective Lennox agar (LA) 
plates to select for lysogens. A singl colony of each was picked, and the lysogenic bacteria 
were then grown aerobically at 3TC to mid log phase in LB containing 0.1 znM IPTG. 
5 Approxiroateiy 4-8 x 10* AJG3JI lysogens and 9 x lO^ X JG16CI lysogens (as estimated ftom 
the optical density; approxinvate 5:1 ratio without: with nitroreductase) were noixed in 5inl LB 
containing 0.1 mM IPTG in ihe presence or absence of 500 CB1954 (provided by Cobra 
Therapeuncs and diluted from a 50mM stock solution in 2:7 N-meihyl pyTroUdinonc:PEG300). 
The mixtures of bacterial lysogens were incubated at 37"C with shaking and 50>il samples 
1 0 removed at intervals between 1 5 and 185 minutes after mixing. 

Eacb sample was immediately mixed with Iml LB and 100^1 chlorofoon to kiU any bacteria, 
briefly centrifuged to pellet debris, and the supernatant diluted 1 in 10 before using 10 jil to 
infect R coli C60QHfl and plating onto LA containing kanamycin, to select for bacteria 
lysogetiised by bacteriophage in the sample. 

Hi 15 The number of colonies growing from the samples v^ras counted the following day, and 
H indicates the total nimiber of bacteriophage present in ibe sample. 

The polymerase chain reaction (PCR) was used to determine vi^icther the bacteria in each 
ry colony contained XJG3J1 or >JG16CL A number of individual colonies were picked at random 

f from the most relevant plates and transferred to a 200^1 PCR mbe, lysed in a microwave for 

h 20 2min and 35^1 of PCR reaction mix [l6raM CNH4)2S04, 67mM Tris-Cl (pH 8.8 at 25**C). 
hi 0.01% Tween-20 (BioJine), 0,2mM each dNTP, L5mM MgCb, lu Biotaq (Biolinc)] plus 0^5 

fy hM primers JG2A 5'-TGGCGGAAAGGTATGCATGC and; 

JG2B S'^aGAGCIATTaGCGCAAGGTG. 
which anneal to )l sequences flanking the ^indlU site, was added. 

25 A tube containing reaction mix but no bacteria was used as a control to check for 
contamination of PCR reaction components. After 30 cycles (^'^C/Smin; then 30x 94*C/45s, 
55'»C/45s. 72-C/160S; then 72*C/I0min) the PCR products were analysed by gel electrophoresis 
to determine the product size, Lysogens containing XJG16C1 expressing wr gave a l.lkb 
product v^^ereas XJG3J1 lysogens gave a 0.4kb product. All the colonies gave one or the other 
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f these two bands bat not both, and the negative control confinned the absence of 
contammatioA in the PCR. 



The data are shown in the attached Table I and Figures. 

5 The samples>ti^om^^icultiue.expo5edito GBl9M^s 

to rr360jir6ver^tbe«tlin£courseii^conespp^ totalv>^v 
bacteriophagesjircleased^into^the^mediiuuiwhich ix^ 10?^]i^fml^at^earlyf>tim£s;<*to 
7,2 X ;lO^*perM*nxl^at 155 xninutesjipf thettime^oiirse4t(see(^able^^ In the^paraUel^ciUture not ^ 
ireated with CBa954, the maximum concentration of bacteriophage released was 8 x 10^ per 

) 0 xnl, at 90 minutes. 

PCH analysis of randomly selected colonies at 90 and 125 minutes of the no-prodrug 
timecourse, indicated that I/IO azvd O/IO of these contained tiie XJG16C1 bacteriophage, and 
the remaining 19/20 contained the XJG3JI bacteriophage. In contrast, &om the culture exposed 
TO CB1954. a far greater proportion of the XJG16C1 bacteriophage (contzuning the 

^,3 15 nitiroreductase gene) w;^ rwoyered overall. At 60 minixtes, when similar numbers of 
bacteriophage were recovered *CB 1954, only^4 11 colonies screened contained the 

5 ^G16^1rbactenophage^ifHoweyerv the propomon^Q^ XJG16C:i increasedfrapidlyjto a peak of 

12 60% (a^30)^m -^OtnnnutM;*decl^^ 16G 1 was 

ry reachedta|vl25vimiunes|(^ 10^p«u-^ml)|[s^^i^u^ ^ 

^ 20 Discossionsift 

The G6G0.^v^strain^Qf -1^:^ i^o/^^^^ etidogenom mtrpr^itctjase all the 

bacienafusedtin^ihist^experinienttcontainisomeim a faint 

proteiif l£ahdfda'an^SD$^j|^lya^ 

Goomassie blue, and also by blotting such a gel and visualising the nitroreductase selectively, 
25 by use of a suitable antibody (data not shown). This has been done for iysogens containing 
either XJG3JI or XJG16CI, by collecting samples as a ilmecourse following ixxducdon with 
IPTG. It could thus be estimated that the XJG16G1 lysogen contained around 5-10-fold more 
nitroreductase when fully induced, than cither control cells, or The AJG3J1 lysogen (see Figure 
3). The presence of the endogenous nitroreduciase in ihe 3LJG3J1 lysogen would be expected to 
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lead to somt? activatioa of CB1954; however ihc 5-10-fold greater level of the enzyme present 
in the XJG16CI lysogen would be xpectcd to lead to a faster rate of CB1954 activaiion. 

The greater number of total bacteriophage released from 60 minutes onwards in the CB1954- 
treaxed culture^ and the preferential recovery of XJG16C1. provides a strong cx>n£xmation that 
3 exposure to CB 1 954 is indeed able to trigger the inactivation of the cl repressor leading to lytic 
bacteriophage growth; and that this is as a consequence of its activation by nitroreductase. 

The background level of bacieriophj^e released into the medium in the culture without 
CB1954 is expected, as it is known that there can be spontaneous lytic growth from lysogens, 
without obvious external stimuli. For the first --60 minutes of exposure to CB1954. there was 

10 no increase in the level of bacteriophage above background. Three fiactors will cuxstribute to 
this delay; firstly, the amount of CB 1954 which is activated and the resulting DNA adducts in 
the cell will increase with duration of exposure. Second, following activation of the RecA 
protease, it takes a finite time for this to deplete the level of cl sufficiently to trigger lytic 
bacteriophage growth (perhaps 30 minutes, as reported for induction by ultraviolet light). 

15 Third, the dximiion of the lytic cycle is approxinoately one hour. The clearly deiruitistrated 
preferential recovery of XJG16CI at times from 75 to 125 minutes can therefore be explained 
by the fasttrr activation of CB 1954 in these cells, leading to earlier triggering of lysis in the 
cells harbouring XJG 1 6C I than in those harbouring >JG3JU 

Note that a '^bystander effect** has been described in eukaryotic cells, whereby activated 
20 prodrug produced in one cell can diffuse and exert an effect upon neighbouring cells that may 
lack the aciivadr^ ensrymc. It is expected that a similar effect could operate in bacteria. In 
order to minimise this effect, the experiment was performed at a fairly low initial cell density. 
It is possible that at later tiroes, a bystander effect has contributed to the ixuluction of lysis in 
cells with die XJG3JI prophage. However this experiment has clearly demonstrated that any 
25 bystander effect Miuch may be present docs not prevem the performance of die selection as 
described. 

This experiment has utilised a vector containing a wild-type nitroreductase gene, in comparison 
with one lacking a nitroreductase gene, to model die possible di st i n c t ion that may exist in a 
library between more- and Usss-functional nitroreductase genes. In this preliminary experiment, 
30 both lysogens contained a backgroxmd level of nitroredticiase contributed by the endogenous 
gene. Based on the estimate of relative levels of the nitroreductase protein present in two 
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lysogeas in the presence of IPTG, we can deduce ihai the ability of the 7JG16CI lysogen to 
activate CB1954 would be aboui 5-10 fold greater than that of the XJG3J1 lysogen. At the 
liioe of mixing* the ;lJC16C1 formed 16% of the mixture, whereas at die 90 minute time point, 
60% of the recovered bacieriophage were XJG16C1, representing a -^-fold enrichment. 

U is pjedicied>?,thatn^ere. w several ways. »in which this degree of enrichmem can be 
IJ Pcfform^multiple^rounds^of selectioni^u^ng*^ 

as the^inpmf joi^the^secondjrrpu^ U wpidd^be 'expecied<^that^a' similar ^degrt^to^ennchment 
would be obtained, resulting in an enrichment of abom l6-fold overall of the XJG16CI 
bacteriophage after 2 rounds, 64-fold after 3 rounds, etc. 

2) To the extent that the XJG3J1 lysogens were being induced by the endogenous 
nitroreductase present within those cells rather ihan a ""bystander efifeci", it would be pos^ble 
TO decrease the amount of AJG3J1 recovered by using a strain of bacteria in which the 
endogenous nitroreductase gene had been deleted or inactivated. For example, oxte could use 
the £. co/i >straiaJ^1^00«(avail^ae^m the R cgli Genetic Stock Center, at Yale). This strain 
does^tigt catiy,,»,^ /Jff ^uiaiion, and so most of the bacteria initially infected with the 
bacteriophage^wouldibe lyse^vby the bacteriophagei-with rcleascvof the-progeny bacteriophage. 
Hov^te^er^a prpponionikpf-theic^^ woxUd^be lysogenisedi^aTid^ihese could be selecied^^ by 
their suxw^iCHtt^ thc>vcouldfbe selected based 

on ihe^quUitionsof kariamycm^resistance^iior both^vAltomtivelyss it would^ be^possibk to 
inactivate ; the*^nitroieductase**gene «w 
methodsiW 

3> As mentioiied-earlier^it was-iioi cleaij* ai-lhc*ouisei^whether*lysofiens w 
would be inducible by DNj\ damaging agents in the cell. This experiment has shovrn Oiat it 
does function adequately in this regard, however it remains possible that an alternative 
immunity region, such as that of the wild type lambda bacteriophage inun^d^, may allow a 
greater discrimination. 

4) The lytic cycle of lambda takes abom one hour to complete, and cleavage of the cl repressor 
following UV ligjrt (and so, perhaps, also in response to the DNA lesions cause by activated 
CB1954) takes abom 30 minutes; thus in this experiment it would appear that activating levels 



21 

of DMA lesions must have been prod\*ced wilhin a few minutes of exposure to CB 1954, in ihe 
XJG16C1 lysogen, and (S-lO-fold slower,) wiihin 30 miziutes lo 1 hour in ihe XJG3J1 lysogen. 
A greater lemporai separation between the release of the two types of bacteriophages would be 
expected if a lower concentration of CB1954 were used, so that the time to induction of the 
5 two lysogens would be increased proportionately, giving -g. a 30 minute delay to the 
XJQ16C1 lysogen and a 2 5-5 hour delay to induction of the >JG3J1 lysogen. The duration of 
the lytic cycle would be unaffected, and thus Uiere would be less overlap between the release of 
the two types of baclcriophage. 

5) Although it appears unnecessary to invoke significant difiusion of activated prodrug 
lo betw^een cells as contribuiing the induction, ir would be possible to further reduce any possible 
contribution of this by a number of approaches: performing the experimem at a lower cell 
density; inclusion of substances in the medium to rediu:e ^uead of activated prodrug (e.g. 
serum proteins); or by performing the induction on a solid or semi-solid substrate, e.g. agar 
plates, such that any activated prodrug released by a cell would only diffuse a short distance, 
15 rather than being spread throughout the culture as in a shaking liquid culture. 

The principles established by this experiment indicate that the selection method and vector will 
also be effective when applied to a library of nitroreductase variants. In doing so, this 
experiment has shown that it would be desirable to perform the induction with lower 
concentrations of CB1954 Ce,g, lOOjiM or lower), and to collect the released bacteriophages at 
20 intervals. The number of bacteriophage particles released would be monitored and compared 
with parallel cultures lacking CB1954; this would inform the decision which time-point sample^ 
to choose for further lOimds of selection- One would perform several rounds of selection (e.g. 
3-5) in order to reduce the level of '^background" bacteriophages present; and ttea recover the 
ioscTts from the bacteriophages, e.g. by PCR, to enter them in funher rounds of PCR-shufiling. 
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CLAIMS 

1. A method of selection of a nucleic acid encoding an enzyme that is capable of 
converting a prodrug to its active drug fonn comprising the steps of: 
^) ^ contacting a populanpn of biacteria transformed with a bacteriophage Ubraiy 
with a prodn^ in a medium, wherein; 

i) The^transformed^bacteria^^are in the^i^lyspgenic^state^ and^^ 

ii) v4icn*CGnvert«litQ' its ^active drugtfb of«the v 
IH^oieolyticacnvity.of bacterial RrcA^a^^^ 

^Rg^^lS^S^aSSl^ ^e. ]baciena from> said 

medimn, and 

c) analysing the genotype of said separated bacteriophage for a nucleic acid 
encoding the enzyme. 

2, A method foi selection of a nucleic acid encoding an enzyme capable of converting a 
prodrug to its active drug form comprising the steps of: 

a) in^ii^jicing a library of genes into bacteriophage to form a bacteriophage 
library; 

b) % izifecting^a population of bacteria 

c) ^ selecting ^d^infected«»bacteria#fpr4baci^erid in^^ state has 

been establi^edij^i 

d) . contaciing^d bacteria mtb^saidiprpdiug^^^^ 

e) 2epdrating^&om»said»^mediain^l>am of host 
bacterianand*^ 

0 analy^sing fhe'^^enotypeiiof said^selected^^bacteri^Outgc^for'^^the^ 

etK:oding«th^^(m2yme|^ 
wherein said prodrug causes activation of the proteolytic activity of bacterial recA 
when converted to its active drug fonn. 

3, A method according to claim 1 or claim 2 herein said steps are repeated in at least one 
cycle. 

4, A method according to any one of the preceding claims v^^ierein die DNA sequence of 
said released bacteriophage particles is analysed. 
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A me*od acconlii* xo any one of pieceding claims wbercin said b«:teriophage 
cany a gene encoding antibiotic resistance or odicr selectable inaAer. 
A nu^ibod according to any one of the preceding claims wherein said enzyme is 
niuoreductase, flavin reductase, DT-diaphorase, thymidine kinase, cytosine deammase 
or a purine nucleoside phospborylase. 

«*• th» niecedine claims wherein said prodrug is 
A method accordmg to any one of tbe preceomg M«iH» 

CB1954 SN 23862, 2-[N;N-bis(2-iodoeihyl)amino]-3^-di»iirobe«:amxde 5- 

™,.i««;r eandclovir or 6-meihyl-9-(2-deoxy-p-D-«ythro- 
fluorocytosme, acydovu, ganociow. »« 

pentoiuianosyl) purine- 

A method according to any one of the preceding claims wherein said temperate 
bacteriophage is the bacteriophage lambda or a lambda derivative. 
A method according to any one of claims 2-8 wherein said gene library comprises 
genes encoding variants of a single eqzyroe, 

A method according to claim 9 wherein said variants comprise amino acid deletions, 
insenioos and subsuwtions fiom ite wttd type etuzyme sequence. 
A method according to claim 9 or 10 wherein said variams are gene^ted by DNA 
shufiling, random mutagenesis, or PCR shuffling. 

A method according to any one of the preceding claims wherein said activity of said 
bacterial RecA protein is caused by the generation of single-stianded DNA m the 

bacterium- 

A method according to claim 12 wherein said single-strapded DNA is generated as a 
consequence of the enzymatic conversion of prodrug to its active drug form. 

A method according to claim 13 wherein said single^trandcd DNA arises as a result of 
a taeak in one or bo* strands of the DNA. a cytotoxic lesion, a DNA crosslink or a 

monovalent DNA adduct. or by inhibition of the progress of DNA replication by any 

oxixtx meoxis. 

A method according to any one of the preceding claims wherein said enzyme comprises 
muoreduct^se and said prodrug comprises CB1954. 



16. 
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A me^od according to any one of the preceding claims wherain said bacteriophage 
vector is 3JG3J1, 



1 7. A method according to any one of the preceding claims wherein said bacteritmi is of the 

5 18. - A caialyiic^cnzyrae or enryme»fmgmeni%isGlaiediaccor^ 
the:preceding claitr^^ 

19. A nucleic acid molecule encoding a catalytic enzyme or enzyme fragment according to 
claim 18. 
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Western blot ExptfUGlS Nitroreductase^levelSMn J&coA' lysogen cultures 
1 2 3* 4 5 6 7 
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Trackssleft^to right: 

1 - 5 ng Ntr control 

2 - CeOOHfl'IPTG 

3 - CeOOHfi +IPTG 

4 - C600Hfl.AJG3J1 (vector) - IPTG 

5 - CeOOHfl. XJG3J1 (vector) + IPTQ 

6 - CeOOHfl. XJG16C1 (Ntr) - IPTQ 

7 - CeOOHfl. 3UG16C1 (Ntr) + IPTG 



